14 Deck inclination and vertical displacements are among the most important technical parameters to 15 evaluate the health status of a bridge and to verify its bearing capacity. Several methods, both 
synchronization of load positioning and images capturing, that represents a fundamental topic for 102 dynamic monitoring, is not considered; (3) Our test has been performed on a real bridge, with a real 103 mobile load.
104
In the following, the methodology for monitoring of dynamic inclination and displacement of a 105 bridge by using a low-cost laser pointer, characterized by low cost, ease of implementation and high 
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115
The methodology
116
The proposed method takes advantage of the laser pointers' property to provide a steady pointing 117 direction and produce a long-range, high-brightness visible imprint.
118
The footprint of a laser positioned at the intrados of a beam and projected on a plane target 119 approximately orthogonal to the direction of the ray, will undergo a displacement ΔH due to two 
133
Lowering and inclination vary depending on the type of structure and on the point of application of
This maximum deflection occurs at a distance x1 from the closest support, given by:
The slopes at the ends are:
where:
140 141 
147
the ratio between maximum deflection and slope at end 1 is given by:
the ratio between the deflection at the distance x from the end and the slope at end 1 is given by:
By measuring the inclination at an extreme point where the laser pointer is fixed and by knowing the 150 point of application of a load, it is therefore possible to obtain the lowering of the span at any point,
151
by using equation (5).
152
In the case of a different structural scheme, the relevant equations, easily findable in the civil 153 engineering handbooks, should be used. The accuracy of the result depends on the correspondence 154 between the as built and the structural scheme of the design.
155
The measurement of the slope due to a load is obtained by the variation of the tangent to the elastic 
177
The video of the laser footprint was acquired by using a NIKON D610 camera with a 55 mm
178
NIKKOR lens. The main characteristics are shown in Table 2 .
179 180 ISO 100 to 6400 in steps of 1/3 or 1/2 EV HD frame and frame rate 1,920 x 1,080 pixels; 30p (progressive), 25p, 24p
set up in order to show hundredths of a second.
projected on a flat target. The program uses the results of the calibration of the digital camera,
198
described afterwards. With regard to the mean scale of the frame, the Ground Sample Distance
199
(GSD) is obtained at the beginning of the shoot, given that a millimeter paper glued to a rigid plastic
200
tablet is used as target. The millimeter paper allows to obtain the GSD, theoretically different for 201 each pixel, but it has to be considered that the target is fixed vertically and the camera optical axis is 
204
In order to obtain the position of the laser footprint centroid, for each frame, an intensity cut-off 205 is performed preliminarily, which eliminates noises and the grid of the millimeter paper from the 206 image. The centroid coordinates (row and column) are then calculated in pixels, through a weighted 207 average: each pixel is assigned a weight equal to its intensity.
208
The row and the column of the centroid are: 
222
The coordinates of centroid are then converted in mm, by using the known GSD.
223
If the camera settings provide a very low ISO sensitivity and a small diaphragm aperture, you can 224 get a better defined shape of the laser beam footprint and avoid image saturation in the center zone 225 of the footprint. This allows a more accurate determination of the centroid.
226
Since the position of the centroid is given for each frame, it is possible to evaluate the 227 displacement of a monitored point with a sampling rate equal to the 30 Hz frame rate of the camera.
228
Thus we obtain a graph of the centroid position as a function of time. Since the acquisitions of the 
250
The distortion model of the calibrated camera. The coordinates and the results are in pixels.
251
After the camera calibration, to evaluate the accuracy of the centroid coordinates obtained by 
291
The NIKON 610 camera, used to obtain the footprint video, is positioned on a robust tripod,
292
slightly lateral respect to the laser beam path. The camera-target distance is chosen in order to obtain 
302
The projection plate plane and the optical path are not angled. Actually, by using e.g. a 30°
303
angle between laser beam and target plane like in [19] , the movement of the laser spot centroid in the 304 video image is amplified, and the measurement accuracy is theoretically increased, but this 305 improvement is counterbalanced by the need to double the FoV and, consequently, the GSD.
306
The used technique allows us to determine the centroid of the footprint with an accuracy less 307 than one pixel, thus the expected error in the measurements of the beam inclination is almost 308 completely due to the laser pointer instability and can be conservatively evaluated 0.05 mrad.
309
The test was carried out during the movements of a truck elevator, used for work on the façade 
324
A frame of the video is shown in Figure 9 . The image shows the truck during the backward 
328
The accurate abscissae of the truck were obtained by a cinematic differential positioning. The
329
Ublox GNSS receiver was set to acquire data with a 5 Hz sampling rate, while the fixed GNSS station 
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Figure 10: Two frames acquired at the beginning and at the end of the test: after the truck left the bridge, the 340 footprint is higher.
342
In Figure 10 we can observe two frames obtained at the beginning and at the end of the test. The ISO sensitivity and the aperture were chosen in order to obtain a radiometric cut off, thus achieving 344 two goals: a better defined shape of the laser beam footprint was obtained and the saturation of the 345 image in the center zone of the footprint avoided. This allows a more accurate determination of the 346 centroid. The frames were processed by using the code in Matlab® previously described and the 347 dynamic position of the centroids in pixel coordinates (rows, columns) was obtained.
348
In Figure 11 , the height of the centroid during the test is shown. In red a trend line (30-sample 
352
It is possible to observe that the pointing stability was less than 0.05 mrad (corresponding to 5.8
353 mm for the pointer-target distance equal to 115.70 m).
354
From a qualitative point of view we can observe that the forward -backward movements of the 
399
Along with the precision obtained, a noticeable goal is the synchronization of the acquisitions,
400
that allows to get the instantaneous position of the mobile load and the deflection.
401
In the next future, the use of a camera with high frame rate is foreseen, to demonstrate the 402 usefulness of the method for the control of the bridge's natural frequencies. 
